Background
==========

The use of superparamagnetic iron oxide nanoparticles (SPION) for the delivery of therapeutic molecules holds potential clinical applications, for it could provide substantial improvement over current techniques for drug delivery and gene transfection. Nanoparticles carrying therapeutic payloads could be targeted to a specific site, through directional acceleration by an external magnetic field. This field would pull the SPION to the target organ or tissue, where the biodegradable vehicles would subsequently break down, releasing drugs, DNA plasmids or bioactive molecules into surrounding tissues. An advantage that targeted delivery would have over systemic delivery is marked reduction in adverse side effects, which often decreases patient compliance. Another result of targeted delivery is that smaller dose (and cost) is required to achieve the same, or even improved, result. Others found in a rat model that with magnetic nanoparticles indomethacin had 60-fold higher concentrations and considerably reduced drug concentration in non-target organs \[[@B1]\]. Furthermore, magnetically susceptible nanoparticles, controlled by an external magnetic field, have the ability to reach target tissues that are difficult to access, such as the inner ear. Though these benefits are attractive, little progress has been made towards the goal of using SPION as *in-vivo*carriers of therapeutic payloads.

SPION are currently being used for cell separation \[[@B2]\], flow cytometry, immunoassays \[[@B3]\], and cellular labeling. One current in-vivo application of cellular labeling was made by derivatizing the nanoparticle with an HIV-TAT (Trans-Activating Transduction) peptide for promoting cellular internalization \[[@B4]\]. The HIV-TAT study not only demonstrated absence of cytotoxic effects or interference with cell function, but also took advantage of the property of SPION as contrast enhancing agents for magnetic resonance imaging (MRI). This may prove valuable in both clinical applications and future ferrite nanoparticle research as a method of imaging quantification. In addition, the utilization of the TAT cell penetrating peptides may be important for targeted delivery and gene transfection of cells that are non-dividing.

A recent study has shown for the first time, in a mammal, that adenoviral transfection with the MATH-1 gene can be used to regenerate inner ear hair cells and restore hearing \[[@B5]\]. MATH-1 expression within supporting cells along the Organ of Corti in the deafened cochlea, transformed these non-sensory cells into functional hair cells, and improved hearing thresholds. Nevertheless, safety limitations of adenoviruses used for gene therapy will likely deter use of this vector in clinical applications. Hence, a non-viral vector is currently being sought and preliminary studies are underway to incorporate MATH-1 plasmid DNA into a biocompatible polymeric-SPION for magnetic targeted delivery to the cochlea \[[@B6]\]. This technique would overcome the immune response complications and mutation risks that are involved in viral transfection \[[@B7]\]. Biodegradable poly-lactide co-glycolic acid (PLGA) polymers are attractive as carriers, because of their hydrophilicity, biocompatibility, promotion of cell membrane endocytosis and relative ease of derivitization with functional groups attached on the inside or outside of the polymer \[[@B8]\]. Programmed degradation of the polymer could result in timely, quantitative delivery of a drug, plasmid or other bioactive molecule.

Computing the magnetically induced mobility of SPION used as therapeutic carriers is important for their clinical applications. Magnetic force calculations aid in the determination of minimum field and magnetic material formulation, both to reduce technology and drug costs, and ensure patient safety. Force characterization is also a step towards determining the velocity of the particles through tissues, which is vital to developing dosing regimens. The equations for these two quantities are \[[@B9]\]:

$F_{m} = H\frac{dH}{dy}\chi f_{m}V\text{~~~~~}\left( 1 \right)\ Force$

$v = \frac{2r^{2}f_{m}\chi\mu_{0}H\frac{dH}{dy}}{9\eta}\text{~~~~~}\left( 2 \right)Velocity$

Thus, the magnetic force *F*~*m*~from an external permanent or electromagnet that would be used to pull SPION towards its pole face is dependent upon the field strength *H*and gradient *dH/dy*produced by the magnet. This equation can be rewritten in terms of the flux density *B*and simplified if one is using the CGS unit system, in which free space permeability μ~0~is unity and where *B*is given in Gauss and *dB/dy*is in Gauss/cm.

$F_{m} = B\frac{dB}{dy}\chi f_{m}V\text{~~~~~}\left( 3 \right)\ Force$

The remaining factors are all properties of the SPION, which are the magnetic susceptibility χ (emu per Oe · cm^3^), the volume fraction of magnetite *f*~*m*~(dimensionless), and the overall particle volume *V*(cm^3^). The equation for velocity takes into consideration the drag force experienced by the particle moving through a substance of viscosity η according to Stokes\' theorem. This involves determining the particle\'s radius *r*. The velocity equation can be further simplified to a function of *F*~*m*~and viscosity:

$v = \frac{F_{m}}{6\pi r\eta}\text{~~~~~}\left( 4 \right)\ Velocity$

Methods
=======

RWM experiments
---------------

The mobility of SPION was calculated and compared in two different physiological studies, that involved magnetically accelerating the particles through two round window membrane (RWM) models. The first study utilized data from a RWM model made of Madin-Darby Canine Kidney (MDCK) cells. These cells were grown on small intestinal submucosa (SIS) membrane fitted in cell culture plate inserts \[[@B8]\]. A tripartite cell culture membrane consisting of an upper MDCK epithelial cell layer, middle SWISS 3T3 fibroblasts layer, and a third layer of MDCK cells. Construction emulated the three layers of the human RWM: outer epithelium, loose connective tissue, and inner epithelium. A solution of 10 nm diameter dextran-encased magnetite nanoparticles (Micromod GmbH nanomag^®^-D, Germany) contained 50--130 nm aggregates. These SPION were placed on the upper layer of the culture, each in its holder, each in a well of a 24 well culture dish. The culture dish was then placed over a plastic casing containing 24 individual 1/4\" (0.635 cm) 4.1 kilo-Gauss neodymium-iron-boron (NdFeB) disc magnets (MagStar Technologies™, Culver City, CA). The magnets were centrally positioned to the bottom of the culture plate wells, resulting in an operating distance of about 0.4 cm from the bottom cell layer to each magnet\'s pole face. After one hour exposure to the magnetic gradients, the fluid below the inserts was examined by transmission electron microscopy (TEM, Hitachi H7600) and proven to contain SPION.

The second study was performed on the RWM in anesthetized guinea pigs. The magnetite SPION were precoated with oleic acid and encapsulated in PLGA co-polymer. The oleic acid acts as a surfactant to prevent agglomeration of the magnetite particles and also decreases the likelihood of Fe~3~O~4~oxidation. The polymer provides cellular compatibility and payload carrying capacity. A customized 4 inch (10.16 cm) 48 MGOe NdFeB cube magnet (Integrated Magnetics™, Culver City, CA) was used in this study. A Hall effect gaussmeter used for measurements (Model 5080, Sypris, Orlando, FL).

An incision was made behind the pinna of the guinea pig and bone was removed to expose the middle ear cavity. The RWM niche was visualized under an operating microscope and 3 μl of a 10^12^particles per ml solution of the SPION-polymer composite were placed in the niche using a microsyringe. The animal\'s head was then placed on the magnet, so the ear opposite the experimental ear RWM was aligned with the center of the magnet. This made the operating distance 1 inch (2.54 cm) from the experimental RWM to the pole face of the magnet. A heat lamp was used to keep the animal warm during placement on the magnet. After 20 minutes exposure time, the guinea pig was removed from the magnet. The solution of SPION-polymer remaining on the niche was wicked off, and fresh solution was added. After another 20 minutes exposure to the magnet, the process was repeated for a third and final time. The remaining solution was again wicked off before a small hole was made in the base of the cochlea with a syringe to extract the cochlear perilymphatic fluid.

A control experiment was performed on the opposite ear, where all protocol remained the same, except no magnet was used. The guinea pig simply remained in the RWM surgical position for the 3 × 20 minute exposures. Perilymphatic fluids from both the experimental and control studies were aspirated into clean microsyringes, washed three times, and a TEM sample was taken from the bottom where the magnet had been used to concentrate the SPION polymer. TEM analysis demonstrated the presence of SPION-polymer nanoparticles in the perilymph for n = 2 trials (Figure [1](#F1){ref-type="fig"}). No SPION nanoparticles were found with TEM for the control experiments.

![TEM of PLGA particles in experimental perilymph.](1477-044X-5-1-1){#F1}

The success of both studies demonstrates two conditions in which sufficient forces were produced by different permanent magnets to pull SPION through both a viable RWM cell culture model and SPION-PLGA through a live RWM. The next step was to quantify the magnetic force that was present during these targeted delivery experiments.

Magnetic field parameters
-------------------------

The Hall effect gaussmeter was used to measure the flux density over the surface of both magnets. To accomplish this, 1/4 inch (0.635 cm) grid paper was taped over the magnets, and the axial gaussmeter probe was positioned using a test tube holder at different heights above the magnet surface. These heights were selected to be centered around the operating distance from the magnet, to assist with calculation of the gradient. For the 24-well casing of disc magnets, the readings were taken at the surface (0 cm), 0.4 cm, and 0.8 cm. For the cube magnet, the heights were 0.5 inches (1.27 cm), 1 inch (2.54 cm), and 1.5 inches (3.81 cm).

Measurements were taken at each point on the grid paper to create a matrix of data points. For the 24-well casing, readings were only taken for a square surrounding the four centermost magnets. For the larger block magnet, measurements were taken at every other point on the grid. These data were plotted using graphics software (MatLab^®^6.5) to create a three-dimensional flux density map. Spreadsheet software (Excel^®^2003) was used to fit a trendline through the flux density values for the three distances at which measurements were made. The slope of this line provided the flux density gradient for that point on the grid. This was repeated for every data point, yielding a matrix of flux density gradients that could also be plotted in MatLab. A more descriptive parameter is the product of the flux density and gradient at each point, which is, according to Eq. (3), an index of the magnetic force. Plots of these *force index*data show the point on the magnet with the greatest pull on the SPION or SPION-PLGA particles.

Particle size, susceptibility, and magnetite content
----------------------------------------------------

The nanomag^®^-D SPION had an average radius of 42 ± 16 nm and a density of 2.5 g/cm^3^. Susceptibility curves were obtained to provide the specific magnetization *s*in emu/g at a particular magnetic field strength. This is related to the susceptibility through the following equation

$\chi = \frac{s}{H}\rho\text{~~~~~}\left( 5 \right)\ Susceptibility,$

where ρ is the particle density. The magnetite content of these particles was given as a weight fraction of 82%, and was easily converted to a volume fraction using the particle\'s density.

The SPION-PLGA composite nanoparticles used in the second study was synthesized, therefore its properties needed to be measured. The average SPION-PLGA particle radius was measured by TEM to be 45 nm. The PLGA density was found to be 1.22 g/cm^3^, a value obtained from a study using similar polymers \[[@B10]\]. To obtain the magnetic susceptibility for the polymer containing multiple magnetite SPION, samples were sent to the Department of Physics, University of Nebraska-Lincoln to be tested using a vibrating sample magnetometer (VSM), the output of which is a susceptibility curve. The volume fraction of magnetite in the composite particle was found by thermal decomposition studies performed at the School of Chemical, Biological, and Materials Engineering, University of Oklahoma. This technique yielded a weight percentage that was again converted to a volume fraction of 0.01.

Guidelines for animal research
------------------------------

All procedures involving animals were approved by the University of Oklahoma Institutional Animal Care and Utilization Committee, Protocol 14--141. Dunkin Hartley strain of guinea pigs (*[Caviaporcellus]{.ul}*) were anesthetized using ketamine 70 mg/kg mixed with xylazine 7 mg/kg, injected intraperitoneally. Supplemental doses, 20% anesthetic dose, were given as needed.

Results
=======

The flux density plots created in MatLab^®^for the 24-well magnet casing and cube magnet are shown in Figures [2](#F2){ref-type="fig"} through [5](#F5){ref-type="fig"}, in both mesh and contour format. This data confirmed the assumption that the point of maximum flux density was the center of each of the disc magnets and the center of the entire block magnet.

![Flux density map for 24-well casing of NdFeB magnets, mesh plot.](1477-044X-5-1-2){#F2}

![Flux density map for 24-well casing of NdFeB magnets, contour plot.](1477-044X-5-1-3){#F3}

![Flux density map for 4 inch 48 MGOe NdFeB magnet, mesh plot.](1477-044X-5-1-4){#F4}

![Flux density map for 4 inch 48 MGOe NdFeB magnet, contour plot.](1477-044X-5-1-5){#F5}

Figures [6](#F6){ref-type="fig"} and [7](#F7){ref-type="fig"} show maps of the force index of each magnet studied. Note that the point of maximum force produced by the magnet is also the center, verifying the optimal position of the RWM during experiments.

![Force index produced by 24-well casing at 0.4 cm from magnet surface.](1477-044X-5-1-6){#F6}

![Force Index produced by block magnet at 2.54 cm from magnet surface.](1477-044X-5-1-7){#F7}

The magnetic data collected for these two studies are provided in Table [1](#T1){ref-type="table"}. The variability in flux density for each of the disc magnets is most likely due to the imprecise placement of the magnets in the plastic casing, as is the case with magnet 3, which protruded up from the well. The properties measured for the nanomag^®^-D and polymeric nanoparticles are provided in Table [2](#T2){ref-type="table"}. By combining the data obtained in these two tables, force calculations were performed using Eq. (3). These results are summarized for each study in Table [3](#T3){ref-type="table"}.

###### 

Magnetic measurements determined by Hall Effect Gaussmeter.

                                                Flux Density at Operating Distance from RWM (Gauss)   Flux Density Gradient (Gauss/cm)
  --------------------------------------------- ----------------------------------------------------- ----------------------------------
  24-Well Casing of 40MGOe NdFeB Disc Magnets                                                         
  Magnet 1                                      198.6                                                 1871
  Magnet 2                                      198.2                                                 1814.8
  Magnet 3                                      210.6                                                 2007.6
  Magnet 4                                      184.9                                                 1770.8
  48MGOe NdFeB Block Magnet                     3390                                                  374.8

###### 

Magnetite nanoparticle and PLGA polymeric nanoparticle properties.

                            Magnetic susceptibility (emu/Oe · cm^3^)   Volume fraction of Fe~3~O~4~   Volume (cm^3^)
  ------------------------- ------------------------------------------ ------------------------------ ----------------
  Nanomag^®^-D particles    0.285                                      0.47                           1.15 × 10^-15^
  Polymeric nanoparticles   0.002                                      0.01                           3.81 × 10^-16^

###### 

Force calculations for in-vitro and in-vivo studies.

                                                 Magnetic Force (N)          
  ---------------------------------------------- --------------------------- -------------
  In-Vitro Study at 0.4 cm                                                   
   24-Well Casing of 40MGOe NdFeB Disc Magnets   Magnet 1                    5.72392E-16
                                                 Magnet 2                    5.54081E-16
                                                 Magnet 3                    6.51293E-16
                                                 Magnet 4                    5.04367E-16
  In-Vivo Study at 2.54 cm                       48MGOe NdFeB Block Magnet   9.68176E-20

Discussion
==========

The nanomag^®^-D dextran encapsulated magnetite SPION showed much greater magnetic susceptibility (140 times) than the polymeric composite nanoparticles. This is expected due to the small amount of magnetite in the PLGA polymer and the very slightly paramagnetic nature of the PLGA itself. As a side investigation, the specific magnetization of the polymer alone was found using VSM to be 0.0038 emu/g at the same magnetic field strength of 3390 Oe. This corresponds by density to a very low magnetic susceptibility of 1.37 × 10^-6^emu/Oe · cm^3^. Still, these values correspond well with current data reported in literature 11, and it is important to note that even though the magnetic susceptibility of polymeric nanoparticles is very low, the polymer is crucial for delivery of a therapeutic payload.

The flux density produced by the block magnet at a distance of 2.54 cm from its surface is sixteen times that produced by the disc magnets at a distance of only 0.4 cm. This underlines the necessity of using such a high power magnet for *in-vivo*applications where the RWM is farther from the pole face of the magnet. The magnets used in the *in-vitro*study would not have produced sufficient flux density or gradient at the operating distances required for in-vivo delivery.

To determine the velocity of the nanoparticles used in these studies, the viscosity of the surrounding environment is needed. Since viscosity is typically a parameter used to describe liquids, it was not a property of the RWM that could be easily measured, and its value depends on the path taken by the SPION through the tissue. Superparamagnetic nanoparticles follow flux lines down a converging magnetic gradient; however, another factor is barriers within the tissue. Thus, nanoparticles will be accelerated toward the magnet, but may follow a pathway of low mechanical resistance, such as an intracellular pathway versus a tight junction. Previous studies have reported intracellular viscosity to be close to that of water, around 0.01 Poise \[[@B12]\]. However, the RWM consists not only of upper and lower confluent cellular layers, but also of loose collagen matrix of which viscosities are much higher, around 80 to 130 Poise \[[@B13]\]. Experiments are underway to determine the viscosity of the in-vitro RWM model in relation to a known gelatin viscosity.

For future in-vivo testing and clinical applications it will also be necessary to determine the velocity of the SPION or SPION-PLGA as they move within the cochlea in response to an external magnetic field. Perilymphatic fluid has a viscosity slightly lower than water, 0.0084 to 0.0087 Poise (measured at 20°C \[[@B14]\]). The predicted velocity in cochlear perilymphatic fluid (η = 0.00855 Poise) is given in Table [4](#T4){ref-type="table"} for both studies. Magnet 3 was selected for the in-vitro study because it would provide the maximum expected velocity.

###### 

Predicted velocities in the cochlear duct.

                              Particle Size (μm)   Velocity in Perilymph (cm/s)
  --------------------------- -------------------- ------------------------------
  In-Vitro Study (Magnet 3)   0.065                6.22036E-05
  In-Vivo Study               0.045                9.24685E-09

The velocity found for the in-vitro study corresponds well with data found in a similar study using larger magnetic microspheres \[[@B15]\]. However, the velocity found in the in-vivo study is much smaller than expected for particles of this size, mainly due to the low susceptibility and volume fraction of magnetite. Predicted velocities through the RWM will be even lower than what was found for the perilymph, because of the higher viscosity of the tissue.

Conclusion
==========

This work comprises the first full characterization of polymeric superparamagnetic nanoparticle delivery through living tissue in a target organ. Although neither of these studies involved SPION containing a specific therapeutic payload, the successful movement of the *in-vitro*nanoparticles demonstrates sufficient magnetic force and desirable nanoparticle properties. The next step will involve loading the SPION-PLGA with a therapeutic biomolecule, looking for timed, quantifiable, targeted release of the biomolecule into the perilymph for access to inner ear supporting cells. This work outlines how future studies can be done to select external magnetic field requirements for specific nanoparticles to achieve a certain force and velocity. Conversely, a nanoparticle could be optimally designed for a given permanent magnet. For *in-vivo*testing, magnets with sufficient flux density and gradient at distances of at least 2.54 cm (rodent models) are required. Polymers need to be designed that have high magnetic susceptibility, either by increasing the size of the polymer itself or by increasing the magnetite content.
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